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Abstract

:

Green nanotechnology plays an important role in designing environmentally-benign and sustainable synthesis techniques to provide safer products for human health and environments. In this context, the synthesis of bismuth vanadate (BiVO4) nanoparticles (NPs) based on green chemistry principles with the advantages of eco-friendliness, cost-effectiveness, and simplicity has been explored by researchers. Despite the advantages of these synthesis techniques, crucial aspects regarding their repeatability and large-scale production still need to be comprehensively explored. BiVO4 NPs have shown excellent potential in the pharmaceutical industry, cancer therapy, and photocatalysis. BiVO4 particles with monoclinic scheelite structures have been widely investigated for their environmental applications owing to their fascinating optical and electrical properties as well as their high stability and unique crystal structure properties. These NPs with good photostability and resistance to photocorrosion can be considered as promising nanophotocatalysts for degradation of pollutants including organic dyes and pharmaceutical wastes. However, additional explorations should be moved toward the optimization of reaction/synthesis conditions and associated photocatalytic mechanisms. Herein, recent developments regarding the environmentally-benign fabrication of BiVO4 NPs and their photocatalytic degradation of pollutants are deliberated, with a focus on challenges and future directions.
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1. Introduction


Bismuth is a brittle white metal with a pink undertone and a rainbow matte that tarnishes yellow to dark gray. This diamagnetic metal has a hall effect. Accordingly, it has low electrical conductivity with stable electronic configuration, containing three electrons in the 6p orbital, along with high electrical resistance in a magnetic field. The most important ores of this element are bismuthinite (Bi2S3) and bismite (Bi2O3) [1,2]. Bismuth has many applications in industry and biomedicine [3,4]. For instance, bismuth subsalicylate (C7H5BiO4), under the brand name Pepto-bismol, is a colloidal drug used to treat the gastrointestinal diseases. Bismuth oxychloride (BiOCl) is a lustrous white powder that makes cosmetics shine. Bismuth compounds are also used in the production of synthetic fibers, rubber, nuclear reactors, transuranium elements, metal alloys, supercapacitor [5], among others [6]. Bismuth vanadate (BiVO4) is a yellow mineral solid that has garnered a lot of attention in recent years as a nanocatalyst. BiVO4 has three polymorphism structures—BiVO4 with reddish/yellowish brown color has a natural polymorph called pucherite with orthorhombic crystal system, and the other two polymorphs of BiVO4 are clinobisvanite and dreyerite. Clinobisvanite is an orange polymorph of BiVO4 with a monoclinic scheelite crystal system. The clinobisvanite bismuth vanadate often forms pseudo-tetragonal crystals, including tetragonal scheelite. The rarest polymorph of BiVO4 is dreyerite, the orange/brownish-yellow material with tetragonal zircon crystal system. However, monoclinic clinobisvanite is an excellent light-driven photocatalyst compared to other polymorphs [7,8,9].



The synthesis of BiVO4 nanoparticles (NPs) has been performed using different methods, namely sol-gel [10], hydrothermal technique [7], reverse-micro emulsion technique, co-precipitation [11], sonochemical [12,13], and solvothermal [14], among others [15]. The unique optical, electrical, catalytic and biocompatibility properties of BiVO4 NPs depend on their crystal structure. Meanwhile, green nanotechnology can be applied for developing eco-friendly preparative techniques for synthesizing nanomaterials with the advantages of cost-effectiveness, low toxicity, biocompatibility, and eco-friendly properties [16,17,18,19,20]. On the other hand, a wide variety of nanophotocatalysts such as ZnO, TiO2, Fe2O3, CdS, and ZnS have been deployed for environmental applications (especially photocatalytic degradation of pollutants), showing unique chemical, electrical, optical and physical features [21,22,23,24]. Among these, BiVO4 NPs with excellent photostability and resistance to photocorrosion can be considered as attractive photocatalysts for degradation of pollutants including organic dyes and pharmaceutical wastes [24,25]. Additionally, these NPs with the benefits of non-toxicity and eco-friendliness have displayed suitable antibacterial effects, making them potential candidates for environmental purposes [26]. In this context, designing composites containing BiVO4 NPs and other materials such as nickel ferrite (NiFe2O4) can help improve their photocatalytic features, thus enhancing the absorption region for efficiently degradation of pollutants [27]. For instance, BiVO4/NiFe2O4 composites were fabricated for the photodegradation of methylene blue under visible light. Accordingly, these composites could efficiently degrade methylene blue (~99%) after 90 min under visible light [28]. Lee et al. [29] reported the synthesis of copper (Cu)-doped BiVO4/graphitic carbon nitride (g-C3N4) nanocomposites with improved stability, light-harvesting efficiency, and electron/hole (e−/h+) pair separation compared to pristine g-C3N4 and BiVO4, showing enhanced photocatalytic performance [29]. Herein, the most recent advancements pertaining to the eco-friendly synthesis of BiVO4 NPs and their photocatalytic applications are cogitated, focusing on important challenges and future perspectives.




2. Eco-Friendly Synthesis of BiVO4 NPs


2.1. Biosynthesis Techniques


Biosynthesis of NPs is based on the employment of biological resources for the synthesis without the use of organic or inorganic chemicals as reducing and stabilizing agents (Table 1) [24,30]. However, crucial challenges such as the polydispersity of NPs, size/morphology controllability, and commercial/large-scale production of NPs still linger [31,32]. According to the literature, plant phytochemicals and some primary metabolites such as polyphenols, flavonoids, glycosides, tannins, proteins, terpenoids, and polysaccharides have a reducing, coating and stabilizing role in the synthesis of NPs [33,34,35,36]. In addition, each of these plant constituents has therapeutic properties; the multiple roles of plant compounds in green synthesis have garnered much attention lately where flavonoids and phenolic compounds have played a key role in the synthesis of BiVO4 NPs. The diol and hydroxyl functional groups in phenolic compounds and flavonoids reduce the metal ions [37]. It has been well established that flavonoid, terpenoids, antioxidants, and phenolic compounds could play an important role in the synthesis of BiVO4 NPs; largely free functional group in these phytochemicals being hydroxyl (OH) performing a crucial function in coating and reducing the metal ions in the biosynthesis of BiVO4 NPs [37,38].



The size of BiVO4 nanorods increased with the rise in the calcination temperature of NPs [39]; calcination of BiVO4 NPs eliminated the elemental and plant impurities. The crystallinity of BiVO4 NPs was decreased by tripling the amount of plant precursor. However, the antibacterial and antifungal activity of the NPs was increased while tripling the plant precursor [38]. The increase in plant precursor has led to the formation of bulk BiVO4 and distortion of the symmetry of the tetrahedron structure to the hexagonal of BiVO4 NPs. This increase could also enhance the absorption of electric charge, cavities and photocatalytic activity of BiVO4 NPs. These NPs exhibited efficient photocatalytic performance owing to their remarkable separation rate of photodegraded charge carriers, causing the degradation up to 98.3% under visible light irradiation for 120 min [41]. On the other hand, BiVO4 NPs containing these plant precursors had the highest inhibitory properties against MCF-7 cancer cells. Accordingly, the calcination and the amounts of plant extracts affect the crystal structure, purity, and photocatalytic and medicinal activity of BiVO4 NPs [41].




2.2. Microwave- and Ultrasonic-Assisted Synthesis


Microwave (MW)-assisted synthesis techniques have shown several advantages of cost-effectiveness, simple/time-saving purification, eco-friendliness, and fast reaction times [46,47]. These methods with significant reactivity, rapid heating, and non/low pollutions can be contemplated for safer synthesis of BiVO4 nanomaterials, reducing the energy and time consumption [48]. Spherical hollow BiVO4 nanocrystals with good optoelectronic properties were fabricated using MW-assisted combustion synthesis technique with the advantages of low energy consumption, rapidness, and simplicity. These NPs could be employed for the photocatalytic degradation of Alizarin Red S pollutant (~99.6%) after 180 min at natural pH. After the pore structure analysis, it was revealed that the lowest pore diameter of BiVO4 nanocrystals was ~4.41 nm. The synthesis routes and conditions can significantly affect the size and size distribution of these nanomaterials [49]. Tungsten (W)-doped BiVO4/WO3 heterojunctions were constructed using one-pot MW-assisted technique within 24 min. These heterojunctions exhibited improved photocatalytic performance and increased photogenerated charges lifetime, wherein W doping could reduce the recombination rates [50]. In addition, monoclinic BiVO4 structures were synthesized via a facile and rapid combined MW- and ultrasonic irradiation protocol to provide photocatalysts for the degradation of Rhodamine B under visible light irradiation. These NPs with a small crystal size and large band gap displayed excellent photocatalytic activity [51].



Souza et al. [52] synthesized BiVO4 nanoflowers decorated with gold (Au) NPs using MW irradiation. In these nanostructures, BiVO4 exhibited low band gap energy under visible light irradiation and Au NPs could serve as electron sinks and/or as electron sources via plasmon resonance, enhancing the charge separation of photogenerated electrons and holes. These photocatalysts with synergistic effects could be applied for the degradation of methylene blue (~95%) after 6 h under UV–visible light irradiation [52]. In addition, pure monoclinic BiVO4 NPs (~50 nm) were synthesized using a single-step, pH-controlled, MW-assisted technique at a temperature of 90 °C within a short reaction time (60 min) [53]. The introduced synthesis strategy can be considered as an up-scalable, low-temperature, and environmentally-benign alternative after the optimization of crucial factors such as pH, temperature, and reaction time controlling the morphology and crystal phase. These NPs could be applied for the photodegradation of Rhodamine B [53]. Despite the advantages of MW-assisted synthesis such as reduction in time and energy consumptions, the specific interaction of the microwaves with the reactive species is one of the important challenging issues. Notably, controlling the morphology and size of nanomaterials is another crucial aspect that needs suitable optimization of reaction conditions [54]. In ultrasonic-assisted synthesis of BiVO4 photocatalysts, it was revealed that ultrasonic irradiation time could affect the relevant features of visible-light-driven BiVO4 [55]. Notably, after the optimization of synthesis conditions, the enhanced photocatalytic activity could be obtained as exemplified in one study for the ultrasonic-assisted synthesis of BiVO4 photocatalysts with 60% pollutant degradation within 40 min of ultrasonic irradiation [55].





3. Photocatalytic Applications


Photocatalysts are semiconductor catalysts that absorb photons of light to create an electron–hole pair. Some important applications of semiconductor photocatalytic materials include:




	➢

	
Degradation of organic pollutants in industrial effluents,




	➢

	
Water treatment (the removal of stable organic compounds and microorganisms from municipal and laboratory wastewater),




	➢

	
Air purifier,




	➢

	
Paper industry,




	➢

	
Disinfection of surgical instruments, and




	➢

	
The removal of fingerprints from electrically and optically sensitive components.









BiVO4 NPs can be deployed for the photocatalytic hydrogen evolution and dye degradation [56]. Overall, ternary metal oxide nanomaterials have shown excellent photocatalytic abilities, since their electronic bands are generated by atomic orbitals of more than one element and the inflection of the stoichiometric ratio of the elements can superbly adjust the band gap energy and capabilities of valence and conduction bands [49]. BiVO4 as a direct band gap ternary metal oxide semiconductor with a band gap of 2.4 eV for solar light absorption can be deployed for photocatalytic applications. Because the conduction band exists closely to the empty Bi 6p orbitals, its overlap with the anti-bonding V 3d, O 2p states can additionally diminish the requirement for external bias for photocatalytic activity. In this context, the charge transport and interfacial charge transfer are crucial challenges in its performance [49,57]. BiVO4 photocatalysts can be employed for water oxidation owing to small band gap and appropriate band positions; however, for practical applications, short diffusion length should be resolved [58]. For instance, BiVO4/BiOx composites with long-term stability were prepared on conducting glasses through a hydrothermal fabrication technique and NaOH etching process, with improved photoelectrochemical catalytic capabilities towards water oxidation [58]. In addition, BiVO4 nanocatalysts were synthesized for the elimination of toxic organic pollutants from wastewater, electrochemical storage, and photoelectrochemical solar water oxidation. These NPs exhibited excellent photocatalytic performance for the degradation of methyl orange under visible light (~87.8%) within 80 min [59].



Heterogeneous photocatalysis has been performed for the degradation of organic dyes (Rhodamine 6G) using BiVO4 thin films under visible light irradiation. The sputtered BiVO4 films displayed an electronic band gap of 2.5 eV, making them suitable candidates for harvesting the visible light radiation [15]. In addition, monoclinic BiVO4 NPs (~50–70 nm) were synthesized for efficient visible light photocatalytic degradation of Rhodamine B and crystal violet as they exhibited improved photocatalytic performance for the degradation of pollutants under visible light [60]. BiVO4 NPs calcined at 400 °C exhibited excellent photocatalytic activity against methylene blue dye under solar irradiation, displaying good stability (~3 cycles) [61]. These photocatalysts could also be applied for the inhibition of pathogenic bacteria such as Pseudomonas aeruginosa, Acinetobacter baumannii, and Staphylococcus aureus. The suggested antibacterial effects of these photocatalysts included the bacterial cell wall damages, the disruption of DNA replications and bacterial metabolisms, the inhibition of formation of proteins, and the reactive oxygen species (ROS) [61]. Sharma et al. [62] fabricated monoclinic BiVO4 nanomaterials with suitable antimicrobial and photocatalytic performances. These nanostructures exhibited photocatalytic degradation efficiency towards methylene blue pollutant, along with the efficient antibacterial effects against Escherichia coli (Figure 1) [62].



BiVO4 NPs can be considered as light-driven photocatalysts due to their ferroelasticity, optical, and conductive nature [63]. These NPs have been deployed to remove phenolic compounds, methyl orange, methylene blue, and indigo carmine (Table 2). The photocatalytic performance of these NPs depends on the band structure of the electron, crystal structure, and their band gap energy. For an efficient photocatalyst, the gap band energy must be less than 3 eV to exploit light absorption in the visible region to utilize solar energy efficiently. Indirect and direct mechanisms as well as the photosensitization processes are effective in the photodegradation of pollutants [63]. According to the literature, the band gap energy caused the molecular excitation of the BiVO4 photocatalysts. Molecular excitation generates electrons in the higher conduction band (Ecb) and positive holes in the lower capacitance band (Evb) energies in BiVO4. The electron hole (h+) causes oxidative processes and traps e− for reduction processes; also, the formation of superoxide anion and hydrogen peroxide can be obtained from oxygen. During the photocatalytic oxidation processes, pollutants are completely degraded by ultraviolet radiation in the presence of BiVO4 catalysts and converted to CO2 and H2O. BiVO4 photocatalysts with environmental and energy applications have shown efficient light activation, high stability, low cost, and safety advantages for the environment and humans. In one study, BiVO4/graphene oxide/polyaniline composites were synthesized for photodegradation of methylene blue and safranin O upon the covering of polyaniline. The improvement in their photocatalytic performances was due to the formation of well-defined composite interfaces enhancing the charge separation efficacy [64].



Tahir et al. [65] constructed ternary WO3/g-C3N4@BiVO4 composites through an eco-friendly hydrothermal technique for the efficient production of hydrogen energy. These composites with active sites for photocatalytic reduction of water exhibited improved photocatalytic performance (432 μmol h−1g−1), offering great opportunities for energy harvesting. BiVO4 NPs with unique optical properties and photocatalytic performance could inhibit the recombination of photogenerated electron and holes and enhance the reduction reactions for H2 formation. The enhancement in photocatalytic efficiency of these photocatalysts could be due to the large surface area, efficient separation of electrons/holes pairs, and wide absorption region of visible light, because of the synergistic influences between WO3/g-C3N4 and BiVO4 NPs [65]. BiVO4 photocatalysts with low band gap energy have been applied for eco-friendly and sustainable H2O2 generation [66]. BiVO4 nanostructures were encapsulated with encapsulated for photocatalytic H2O2 formation; reduced graphene oxide was deployed for the stimulation of transporting charges and prevention of recombining photogenerated electron–hole pairs (Figure 2) [66]. The photocatalysts displayed efficient formation of H2O2 using oxalic acid, stimulating two-electron O2 reduction reaction with suitable cyclic stability; the photocatalytic flow reactor evaluation was applied for assessment of the feasibility of continuous generation of H2O2 [66].



BiVO4 nanophotocatalysts synthesized by an ultrasonic-assisted synthesis technique were deployed for photocatalytic degradation of organic dyes under visible light irradiation [67]. Besides, BiVO4 photocatalysts were applied for the photodegradation of Rhodamine B and 2,4-Dichlorophenol [68]. It was revealed the photocatalysts exhibited high photocatalytic performance at pH = 7 for 24 h for the photodegradation of Rhodamine B, while the best photodegradation of 2,4-Dichlorophenol could be achieved at pH = 0.5 for 24 h. Accordingly, the photocatalytic mechanism could be proposed by various charge carrier transfer pathways and active oxidation species in the heterostructured BiVO4 photocatalysts [68]. Similarly, monoclinic BiVO4 structures were investigated for the photocatalytic degradation of methyl orange under visible light irradiation [69]. The pH value could significantly affect the pore structure and morphology of these nanomaterials. As a result, spherical BiVO4 with porous structures along with the flower-cluster-like and flower-bundle-like BiVO4 structures were prepared at different pH levels. Notably, some important criteria such as surface area, bandgap energy, surface oxygen vacancy density, and porous architectures could highly affect the photocatalytic performance of these catalysts [69]. Several studies have focused on the related mechanisms of photocatalytic reactions by these photocatalysts which can help to enhance the catalytic efficiency for future practical applications [70]. Remarkably, noble metals can be deposited on the surface of BiVO4 for improving the photocatalytic efficiency by functioning as an electron trap because of the generation of the Schottky barrier, thereby decreasing the electron–hole recombination procedure. In one study, after the synthesis of Pt-BiVO4 catalysts, analysis was performed on trapping reactive oxygen species (•OH and •O2−). As a result, the radicals like •OH were generated on the surface of semiconductor as a robust oxidizing agents, which could attack the adsorbed organic molecules and participate in additional oxidation procedure [70]. Additionally, the study on dynamic of photogenerated holes in BiVO4 photoanodes for solar water oxidation revealed that two different recombination procedures limited the photocurrent formation in BiVO4 photoanodes, which included the recombination of surface-accumulated holes with bulk BiVO4 electrons along with the rapid electron/hole recombination [71].



In addition to photodegradation of dye pollutants, BiVO4 structures can be considered as promising alternatives for efficient degradation of pharmaceutical wastes [72]. For instance, spindle-shaped BiVO4/reduced graphene oxide/g-C3N4 nanocomposites with excellent solar-driven degradation activity were constructed as Z-scheme photocatalysts for the degradation of antibiotics (Figure 3) [73]; the photodegradation rates were ~81.10% and ~94.8% for tetracycline and ciprofloxacin in 60 min, respectively. These photocatalysts exhibited oriented carrier transport, photooxidation response, and superb optical activity, showing enhanced photogenerated electron–hole pairs and rapid carriers transfer under visible-light irradiation [73]. To design photocatalysts with improved photodegradation efficiency toward ciprofloxacin, the hybrid reduced graphene oxide-BiVO4 composite was designed using a facile MW-assisted synthesis technique [72]. Compared to the pure BiVO4 photocatalysts, this photocatalyst exhibited enhanced photodegradation capability toward ciprofloxacin under visible light. The composite displayed the highest ciprofloxacin degradation ratio (~68.2%) in 60 min, which was over three times than that (~22.7%) observed for pure BiVO4 photocatalysts. This enhancement in photocatalytic potential was due to the effective separation of electron–hole pairs rather than the increase in light absorption [72]. In another study, BiVO4 nanophotocatalysts with high recycling potential were synthesized for the removal of tetracycline and oxytetracycline antibiotics [74]. Accordingly, excellent performance of 72% and 83% degradation could be attained after 240 min under sunlight conditions for tetracycline and oxytetracycline, respectively. Mechanism studies revealed that the photogenerated electrons and holes could play crucial roles in the elimination of these pollutants [74].




4. Conclusions and Perspectives


BiVO4 as a narrow-band-gap semiconductor has shown excellent optical features, non-toxicity, and significant chemical stability. BiVO4 nanomaterials with attractive photocatalytic performances have been widely explored for the degradation of dye pollutants and pharmaceutical wastes as well as for photocatalytic antibacterial applications. Their photocatalytic activity is related to their band gap, particle size, and crystalline phase. Notably, the pH value, morphology, and crystalline phase with significant effects on photocatalytic activities of BiVO4 nanomaterials ought to be further explored. Future explorations should focus on the associated photocatalytic mechanisms and optimization of reaction/synthesis conditions. A wide variety of biosynthesis techniques have been introduced for the synthesis of nanocatalysts with the added benefits of safety, inexpensiveness, simplicity, and environmentally-benign properties. However, additional efforts are still required pertaining to their large-scale/commercial production, optimized reaction/synthesis conditions, stability of the ensued NPs, size distribution, and the adequate control of size/morphology. In this context, understanding the related metabolic pathways, reducing/capping agents, and understanding the underlying mechanisms can help to better control the properties of NPs.
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Figure 1. The mechanism of antibacterial effects of monoclinic BiVO4 nanomaterials against pathogenic bacteria. Adapted from [62] with permission. Copyright 2016 Elsevier. 
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Figure 2. (A) The encapsulation of BiVO4 (BVO) with reduced graphene oxide (rGO). (B) Digital photographs of the commercial BVO and the prepared composites. (C) Mechanism of photocatalytic generation of H2O2. Adapted from [66] with permission. Copyright 2021 American Chemical Society. 
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Figure 3. The proposed mechanism for antibiotic photodegradation (tetracycline and ciprofloxacin) using BiVO4/reduced graphene oxide (RGO)/g-C3N4 Z-scheme photocatalysts. Adapted from [73] with permission. Copyright 2022 Elsevier. 
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Table 1. Some selected examples of BiVO4 NPs synthesized using eco-friendly techniques.
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	Salts
	Chelating Agents
	Crystal Structure
	Shape of NPs
	Plant Phytochemicals
	Applications
	Refs.





	Bi(NO3)3

and VOSO4
	Flower extract of Callistemon viminalis (bottlebrush)
	Monoclinic scheelite
	Nanorods (the basal and longitudinal dimensions of the nanorods ranged from 350 to 450 nm and 1.2–2 μm, respectively)
	Flavonoids, saponins, alkaloids, steroids and triterpenoids
	Photocatalytic activity (methylene blue)
	[39]



	NH4VO3

and Bi(NO3)3
	Fruit extract of Unripe jackfruit
	Monoclinic scheelite
	The asymmetrically arranged BiVO4 nanostructures (the shapes were nearly spherical and hexagonal); the size being ~90–250 nm
	Carotenoids, flavonoids, volatile acids sterols and

tannins

stilbenoids, and arylbenzofurons
	Anticancer (breast cancer cell lines), Photocatalytic activity (Methylene blue) and electrochemical sensor
	[40,41]



	-
	Citrus Limon

(lemon)
	Pure monoclinic
	Flower-like structures
	Citric acid
	Photocatalytic activity (Indigo Carmine) and electrochemical sensor
	[42]



	Bi(NO3)3

and VOSO4
	Fruit extract of Hyphaene thebaica
	Clinobisvanite monoclinic
	Nanorods (well-aligned rod shaped)
	Cinnamic acid, flavonoids, vanillic acid, epicatechin, glycosides, stilbene and sugars composition
	Antibacterial, antifungal, and antiviral activity
	[43,44]



	NH4VO3

and Bi(NO3)3
	Fruit extract of Aegle marmelos (bael)
	Monoclinic scheelite
	-
	Flavonoids,

polyphenols tannins, alkaloids, coumarins, steroids and natural sugar
	Antibacterial, antifungal, and photocatalytic activity (methylene blue)
	[38,45]
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Table 2. Selected examples of photocatalytic degradation of pollutants using biosynthesized BiVO4 NPs under visible light irradiation.
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	Shape and Crystal Structure of NPs
	Plant Extracts
	Pollutants
	Degradation Efficiency (%)
	Absorption Peak (nm)
	Gap Band (eV)
	Refs.





	Monoclinic scheelite and nanorods
	Callistemon viminalis
	Methylene blue
	82.63
	661
	2.59
	[39]



	Monoclinic scheelite
	Aegle marmelos
	Methylene blue
	90
	663
	2.5
	[38]



	Monoclinic scheelite and quasispherical-like structure
	Unripe jackfruit
	Methylene blue
	98.3
	250–300
	2.4
	[41]



	Flower-like

and monoclinic scheelite
	Citrus Limon
	Indigo Carmine
	90.6
	610
	∼2.6–2.8
	[42]
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